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ABSTRACT: The study is related to the design sensitivity analysis of a plate-finned tube 
bundle V-shaped air-cooled condenser design problem for a range of representative low-
temperature waste heat recovery Organic Rankine Cycle (ORC) cases. An iterative design 
model is implemented which reveals the thermodynamic and geometric design error margins 
that occur when different in-tube prediction methods are used. 19 condensation heat transfer 
correlations are used simultaneously within arrays of geometric and thermodynamic 
variables. Through attained 19 different convective coefficients, a design sensitivity on the 
calculated overall heat transfer coefficient, total transferred heat, degree of subcooling, 
required tube and fin material amount, air- and refrigerant-side pressure drops is reported.  
 
1 INTRODUCTION 
 
Alternative means of utilizing sustainable energy sources is a hot topic for researchers and 
industrialists in parallel to the increasing energy demand and environmental concerns. 
Among many technologies, waste heat recovery from industrial and domestic facilities is 
continuously receiving more attention as a solution alternative. Organic Rankine cycles 
(ORCs) are reported to be promising heat recovery systems due to their desirable efficiencies 
and environmental-friendly features (Quoilin et al. 2013). ORCs have a wide range of 
applications such as metallurgical industry, incinerators, combustion engines, annealing 
furnaces, drying, baking, cement production etc. ORCs are typically being applied on waste 
heat sources with the temperature range from 100°C up to 400°C, by being usually divided as 
low-temperature waste heat (100°C-250°C) and high-temperature waste heat (250°C-400°C). 
Unlike the fact that conventional Rankine cycle utilizes water or steam, ORCs use an organic 
working fluids which have much lower boiling points. Lower boiling points of working fluids 
allow them to operate and recuperate waste heat at much lower temperatures.  
 
For having an efficient waste heat recovery system, components (as main components can be 
listed as expander/turbine, evaporator, condenser and pump) must be chosen correctly. 
Alongside other components, the condenser design has a very important effect on the overall 
system performance of ORC. It is reported that the effective heat transfer at heat sink reflects 
on the overall energy and exergy efficiency (Wang et al., 2011). In that manner, a too small 
sized condenser will not be capable of condensing the refrigerant completely at the outlet, 
which might cause pump, compressor, turbine or expander damage in some cases. On the 
other hand, a too large condenser might lead to excessive subcooling at working fluid side, 
which may lead to a negative impact on system components (freezing etc.), cycle 
performance and the cost of heat exchanger. Normally thermal design of ORC condensers are 
being done by using conventional heat transfer and pressure drop correlations. However, the 
general prediction methods are not necessarily validated for case specific conditions or 
working fluids. Thus, the end design of an ORC condenser is prone to have an error margin. 
Using different methods will predict different heat transfer properties and also might 
calculate different heat exchanger geometries. Due to the fact that the mean absolute errors 
on each particular correlation for a specific design case which is not validated cannot be 
predicted, an idea about the real error margin on an end design is yet to be revealed. 
Moreover, an idea about the error margin on a design performed by means of commercial 
heat exchanger design software where the method is not disclosed have to be revealed.  
 
Present study comprises a generally applicable iterative heat exchanger design methodology 
for performing a design sensitivity analysis of a range of representative ORC condenser 
boundary condition case, for which an air-cooled condenser is design is performed with each 
of the 19 different in-tube condensation heat transfer correlations within arrays of 
geometrical variables and operating conditions. The design sensitivity on the calculated 
overall heat transfer coefficient, total transferred heat, degree of subcooling, required tube 
material amount, air- and refrigerant-side pressure drops is reported. 
 
2 BOUNDARY CONDITIONS AND GEOMETRY 
 
A V-shaped air-cooled plate-finned plain tube condenser comprising two main batteries is 
considered. The working fluid is transported via one manifold and divided equally into the 
two batteries. Then flow is divided equally among individual tubes. All the tubes have one 
pass. The amount of rows is to be calculated iteratively. The ambient air is suctioned through 
the two batteries by means of axial fans located on the top. Fig. 1 shows the condenser 
geometry and definitions related to fluid inlet and outlet locations, tube and fin pitches, 
whereas Tab. 1 lists all input parameters and design constraints. 
 
 
Figure 1: V-shaped air-cooled condenser for waste recovery ORC (left) and tube and fin pitches 
(right) 
Table 1: Design Variables, Constraints and Parameters to be evaluated 
GEOMETRY INPUTS VALUE RANGE 
Tube Length L 9100 m 
Battery Width W * 2400 mm, 2500 mm, 2600 mm 
Outer Diameter Do * 15,65 mm 17 mm 
Fin Pitch Pf * 2,1 mm (416 fins/m) 2,4 mm (476 fins/m) 
Transverse Tube Pitch sT * 34,641 mm 35,355 mm 
Longitudinal Tube Pitch sL * 40 mm 50 mm 
Staggered degree θstaggered * 45° 30° 
Tube Wall Thickness tw 0,75 mm 
Fin thickness tf * 0,1 mm, 0,2 mm 
Tube Layout Staggered 
Number of Tubes Ntubes * Varies according to width 
BOUNDARY CONDITION INPUTS  
Heat Sink Ambient air 
Working Fluid (Heat Source) Solkatherm® SES36 
Air Mass Flow Rate ṁair * 50 kg/s – 60 kg/s 
Air Inlet Temperature Tair,in * 10°C – 20°C (@ 101,325 kPa) 
Condensation Temperature Tref,in * 35°C – 45°C (@ 99 kPa – 138 kPa) 
Tube Material Copper 
Fin Material Aluminum 
Ambient Air Fouling Rf,i  0,00017 m²K/W 
Working Fluid Fouling Rf,o 0,0002 m²K/W 
CONSTRAINTS UPPER LIMITS 
Air Pressure Drop ΔPair <60 Pa 
Working Fluid Pressure Drop ΔPref <4 kPa 
Total Transferred Heat Qtot  1 MW 
 
The variables marked with “*” are the input variables and subject to change within the 
indicated range. It is important to note that Pf, sT, sL, θstaggered and tw are directly related to 
Dout. 
 
3 DESIGN METHODOLOGY 
 
As a derivation of previous work from authors (Kaya et al, 2015), a generic design 
methodology is implemented for finding the number of required rows in an iterative manner. 
The method starts with one series of tubes, and calculates the total transferred heat Qtot (via ϵ-
NTU method) and vapor quality at the exit of tubes. If the exit quality is higher than zero, the 
number of rows is increased by one. Then the transferred heat in each row is calculated with 
the new flow conditions (i.e. decreased mass flow rate in tubes). The whole flow is mixed at 
the outlet manifold, where any remaining vapor is further condensed. The existence of a 
subcooled liquid at the exit manifold is the stopping criterion for the method, whereas the 
degree of subcooling is approximately 2-3 K in design results. The working fluid side 
condensation heat transfer coefficient is calculated through 19 different correlations, whereas 
Dittus-Boelter equation is used for single phase convective heat transfer at the subcooled 
zone occurring at the very exit of tubes. The average in-tube condensation heat transfer 
coefficient is calculated as a weighted average of two-phase and single phase heat transfer 
coefficients in accordance with the size of their region along horizontal tube. Air side 
convective heat transfer coefficient is calculated through McQuiston and Parker (1994) 
correlation (McQuiston et al. 2005) for plate-finned tube bundles. Air side pressure drop 
ΔPair is calculated through Zukauskas & Ulinskas (1998) pressure drop correlation for plate-
fin tube bundles (Wright 2000)  and refrigerant side pressure drop ΔPref is calculated through 
Choi et al. (1999) correlation for condensation pressure drop in smooth horizontal tubes. 
Working fluid side single-phase pressure drop at subcooled region is calculated through 
Moody friction factor analogy. All the calculations and modeling is done through Matlab 
2013b. For obtaining the thermodynamic properties, CoolProp (Bell et al. 2014) and 
Solkane® 8.0 software are used. The results show that a 1MW ORC condenser is feasible 
under given conditions. These prediction methods are used inside an iterative condenser 
design method, which is developed for generating suitable heat exchanger geometries for 
each given combination of boundary condition and geometric input (the inputs are listed at 
Tab. 1 as variables). All variables yield 192 design combinations (i.e. heat exchanger 
geometries). In the Figure 5, the iterative design method is disclosed as flowchart.  
 
 
Figure 2: Iterative design method 
 
The used in-tube condensation correlations include, Shah (2009), Akers & Rosson (1960) 
(Kedzierski & Goncalves 1990), Traviss et al. (1971) (Cavallini et al. 2006), Chato (1960), 
Chen (1987), Fujii (1995) (Mishkinis & Ochterbeck 2003), Tang (2000) (Shah 2009), 
Cavallini & Zecchin (1974) (Dobson & Chato 1993), Koyama et al. (2003), Bivens & 
Yokozeki (1994), Dobson & Chato (1998), Shah (1979) (Shah, 2009), Park (2011), Moser 
(1998) (Kim & Mudawar 2013), Cavallini et al. (2006), Shah (2013), Akers (1959) (Shah 
2009), Haraguchi (1994) and Jung (2003). These correlations’ application ranges and 
conditions vary among each other, whereas none of them is validated for the conditions of 
present study. At a particular case, the error margin among the values yielded by 19 
correlations were calculated for each parameter with the Eq. (1) below: 
 
𝐸𝑟𝑟𝑜𝑟 𝑀𝑎𝑟𝑔𝑖𝑛 =
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 19 𝑣𝑎𝑙𝑢𝑒𝑠
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 19 𝑣𝑎𝑙𝑢𝑒𝑠
x 100                              (1) 
 4 DESIGN SENSITIVITY ANALYSIS 
 
Each in-tube condensation correlation predicts a different heat transfer coefficient and the 
iteratively calculated geometries are prone to differ, even under same geometric and 
thermodynamic input conditions. For having an idea on how much error margin does an end 
design have from the aspect of using different calculation methods, a design sensitivity 
analysis is made. It is important to note that the values do not necessarily indicate the 
engineering error margin on the design itself (especially when the error margins are zero), but 
the maximum error that can occur when any correlation  is used. To evaluate the error 
margins, seven parameters are considered: in-tube average convective coefficient hin, degree 
of subcooling ΔTsc, overall heat transfer coefficient U, working fluid pressure drop ΔPref, air 
pressure drop ΔPair, total transferred heat Qtot and required material amount. At each table, 
maximum and minimum deviations are shown with yellow and green highlighting, 
respectively. The unchanging error margins and in-between values are not indicated with any 
color. Fig. 3 shows the error margins as the battery width changes. Changing battery width 
(thus the number of tubes) does not have a large impact on the error margins of investigated 
parameters. Except ΔPref, the change in error margins remain around 1%, which is a 
negligible amount. The ΔPref error decreases due to the fact that less amount of series is 
necessary, which mitigates the effect of deviation among correlations.  The lowest error 
margins occur at Qtot (<1%). Except ΔPref, the error margins remain lower than 15%.  
 
 
W [m] hin [%] ΔPair [%] ΔPref [%] Qtot [%] U [%] Matr. [%] ΔTsc [%] 
2,4 45,20 13,80 28,46 0,63 9,34 13,64 13,12 
2,5 45,07 14,71 27,79 0,43 9,85 14,54 12,10 
2,6 41,66 14,58 23,23 0,69 9,42 14,40 11,97 
Figure 3: Error margins with respect to changing battery width 
 
Fig. 4 shows the error margins with respect to changing tube outer diameter. Increasing the 
tube diameter causes small changes in the error margins as well. Except U, the error margins 
drop in all investigated parameters. Largest deviation occurs in ΔPref (<23%), whereas the 
smallest occurs in Qtot (<1%). The deviations in other parameters remain under 13%. It can 
be observed that keeping the tube outer diameter larger has a reducing effect on error 
margins. This is caused by the fact that larger tubes require less amount of series. This 
phenomenon apparently overshadows the deviation among correlations, which may calculate 
different amount of required series. 
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Dout [mm] hin [%] ΔPair [%] ΔPref [%] Qtot [%] U [%] Matr. [%] ΔTsc [%] 
15,65 52,02 11,69 23,21 0,60 10,87 11,59 8,23 
17 51,07 11,57 20,81 0,35 12,97 11,47 6,84 
Figure 4: Error margins with respect to changing tube outer diameter 
 
Fig. 5 shows the error margins with respect to changing fin thickness. There is a negligible 
change in all parameters. This means that the difference of calculations between two fin 
thickness values are overshadowed by the deviations rooting from correlations. 
 
 
tf [mm] hin [%] ΔPair [%] ΔPref [%] Qtot [%] U [%] Matr. [%] ΔTsc [%] 
0,1 45,07 14,72 27,80 0,44 9,86 14,55 12,10 
0,2 44,04 14,95 27,03 0,47 9,85 14,77 11,86 
Figure 5: Error margins with respect to changing fin thickness 
 
Fig. 6 shows the effect of changing air mass flow rate on error margins. There is an 
observable decreasing tendency on investigated parameters with increasing air mass flow 
rate. The deviations on convective heat transfer coefficients drop from 76% to 57%. Largest 
deviations occur at ΔPref (29% – 38%) whereas the smallest deviations occur with Qtot (<1%). 
The error margins drop linearly and are almost halved when the air mass flow rate is 
increased for 10 kg/s. It can be concluded that a higher ṁair is desirable for a significant 
increase in design accuracy (<15% in most parameters). 
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ṁair [kg/s] hin [%] ΔPair [%] ΔPref [%] Qtot [%] U [%] Matr. [%] ΔTsc [%] 
55 76,67 22,95 38,87 0,43 25,91 22,83 9,92 
57,5 69,46 19,94 34,88 0,44 22,20 19,82 6,67 
60 62,90 19,77 35,42 0,36 19,20 19,64 14,55 
62,5 59,35 16,00 27,14 0,49 17,24 15,89 8,06 
65 57,32 14,28 29,33 0,44 15,93 14,18 9,96 
Figure 6: Error margins with respect to changing air mass flow rate 
 
Fig. 7 shows the effect of changing air inlet temperature. Apparently increasing the air inlet 
temperature significantly increases the error margins. Especially the increase gets exponential 
as the temperature approaches to largest investigated values. On the other hand, at 10°C some 
of the parameters show zero or negligible error margins. That does not especially mean that 
the design is very accurate. The larger ΔT increases the thermal performance and the 
deviation among correlations (~36%) does not make any difference in end design. Still, ΔPref 
has the largest deviations whereas Qtot has the lowest.  
 
 
Tair,in [°C] hin [%] ΔPair [%] ΔPref [%] Qtot [%] U [%] Matr. [%] ΔTsc [%] 
10 36,82 0,00 0,00 0,07 6,76 0,00 3,56 
12,5 45,51 14,72 27,78 0,57 9,65 14,55 12,84 
15 50,40 13,64 22,99 0,42 13,04 13,52 6,98 
17,5 63,01 19,77 35,42 0,37 19,37 19,64 14,49 
20 87,41 31,32 53,57 0,26 33,87 31,21 12,79 
Figure 7: Error margins with respect to changing air inlet temperature 
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Fig. 8 shows the effect of changing condensation  temperature. Similar to the previous 
results, the increasing condensation temperature significantly reduces the error margins on all 
investigated parameters. At highest condensation temperatures the deviations among 
correlations are overshadowed by the increased thermal performance. At the lowest 
condensation temperature values, the error margins are again higher, parallel to the results at 
Fig. 7. Qtot has the smallest error margin, whereas ΔPref again has the largest.  
 
 
Tref,in [°C] hin [%] ΔPair [%] ΔPref [%] Qtot [%] U [%] Matr. [%] ΔTsc [%] 
35 86,97 31,80 53,95 0,22 33,39 31,69 12,37 
37,5 62,90 19,77 35,42 0,36 19,20 19,64 14,55 
40 50,40 13,64 22,99 0,42 13,04 13,52 6,98 
42,5 45,07 14,72 27,80 0,44 9,86 14,55 12,10 
45 36,05 0,00 0,00 0,11 6,89 0,00 3,57 
Figure 8: Error margins with respect to changing condensation temperature 
 
5 CONCLUSIONS 
 
For six changing geometric variables (air inlet temperature, air mass flow rate, battery width, 
tube outer diameter, fin thickness and refrigerant inlet temperature a design sensitivity 
analysis is done for investigating the influence of in-tube condensation heat transfer 
coefficient calculated via 19 correlations on 6 directly affected (but not necessarily related to 
each other) thermo-hydraulic heat exchanger parameters. The found conclusions include: 
 
- When that small change is neglected, it can be concluded that keeping the battery 
width large is more desirable for lowering the error margins.  
- Using larger tubes reduces the error margins. 
- Changing fin thickness does negligible difference in error margins. 
- Higher air mass flow rate is desirable for a significant increase in design accuracy 
- For a fixed condensation temperature, increasing the air temperature significantly 
decreases the error margins. 
- For a fixed air temperature, increasing the condensation temperature significantly 
decreases the error margins. 
- Changes in thermodynamic boundary conditions such as air mass flow rate, air inlet 
temperature and condensation temperature have much more effect on error margin of 
end design in comparison to geometric variables such as tube amount, tube outer 
diameter and fin thickness. 
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- Shah (2013) correlation seems to be the most suitable one due to its application range. 
- An experimental investigation is necessary for having a more accurate idea. 
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